A single-step end point method is presented for determination of the activity of the enzyme alkaline phosphatase (ALP) using the effect of enhancement of fluorescence of the easily accessible europium(III)-tetracycline 3:1 complex (Eu 3 TC). Its luminescence, peaking at 616 nm if excited at 405 nm, is enhanced by a factor of 2.5 in the presence of phosphate. Phenyl phosphate was used as a substrate that is enzymatically hydrolyzed to form phenol and phosphate. The latter coordinates to Eu 3 TC and enhances its luminescence intensity as a result of the displacement of water from the inner coordination sphere of the central metal. The assay is performed in a time-resolved (gated) mode, which is shown to yield larger signal changes than steady-state measurement of fluorescence. The limit of detection for ALP is 4 μmol L -1 . Based on this scheme, a model assay for theophylline as inhibitor for ALP was developed with a linear range from 14 to 68 μmol L -1 of theophylline. (Journal of Biomolecular Screening 2008:9-16) 
INTRODUCTION
A LKALINE PHOSPHATASES (ALPS) play an important role in clinical diagnosis, and in recent years, they have become important target enzymes in medical chemistry. 1 ALPs belong to the group of hydrolases and catalyze the cleavage of orthophosphoric acid monoesters into the corresponding alcohol (or phenol) and inorganic phosphate. ALPs are found in different organisms such as fungi, bacteria, and human beings. They are membrane bound in eukaryotic cells, whereas they are present without anchor in prokaryotic cells. 2 ALP is a marker for certain diseases. Its activity is an indicator for human liver, bile, and bone diseases. In the dairy industry, ALP activity is an indicator for adequate pasteurization of milk. 3 Furthermore, it is used in immunoassays such as enzyme-linked immunosorbent assays as an antibody conjugate. 4 Probably the most promising perspective for fluorescent methods for ALP determination (and also of other phosphatases such as tyrosine phosphatase or dual-specificity phosphatases) is the application in high-throughput screening (HTS) in the search for inhibitors of these enzymes. 5 Protein tyrosine phosphatases are key regulators of numerous biological processes, and inhibitors of tyrosine phosphatases are major drug candidates. 6 HTS is widely applied nowadays for the identification of chemical leads acting as inhibitors of phosphatases. This includes, for example, HTS assays for inhibitors of inositol phosphatase, 7 leukocyte antigen-related phosphatase, 8 and other protein tyrosine phosphatases, 9, 10 which are responsible for the development of type 2 diabetes and cancer.
At present, ALP can be detected by various methods including electrochemistry, fluorometry, or photometry. Spectrophotometry is accomplished most commonly with p-nitrophenyl phosphate as a substrate. 11 Colorless p-nitrophenyl phosphate is cleaved into inorganic phosphate and yellow p-nitrophenolate whose absorbance can be detected at 405 nm at pH 8 to 9. Karst and others 12 have developed a fluorimetric method using 5fluorosalicyl phosphate . At pH 8.5, dephosphorylated 5-FSAP is detected at an emission wavelength of 418 nm (λ exc = 313 nm). 12 Fluorimetric methods include the cleavage of fluorogenic substrates such as coumarin phosphates, 13 4-methylumbelliferyl phosphate, or AttoPhos. 14 Phosphorylated substrates labeled with acridone or quinacridone dyes can also be used for the screening of phosphatase activity. 15 Alternatively, ALP activity can be detected electrochemically. The substrate phenyl phosphate is hydrolyzed by alkaline phosphatase to phenol, which is monitored at a tyrosinase composite electrode. 16 The method presented here is distinguishable from all these assays because it is based on the detection of inorganic phosphate (P i ) that is released from phenyl phosphate by ALP. Several assays are known for the detection of inorganic phosphate at pH 7 to 9, but all are rather complicated because they require the addition of supplementary enzymes or the implementation of secondary chromogenic reactions. Webb 17 developed a spectrophotometric method using purine nucleoside phosphorylase and the substrate 2-amino-6-mercapto-7-methylpurine ribonucleoside, whose absorbance at 360 nm increases after phosphorolysis. The commercially available EnzChek 18 Phosphate Assay Detection Kit is based on this method. P i is detected through formation of a chromophoric product. An ultrasensitive assay (P i Per Phosphate Assay Kit) for detection of free phosphate is commercially available. 18 The kit can be used for monitoring the kinetics of phosphate release by enzymes such as ATPase, GTPase, and alkaline and acid phosphatase. Resorufin (absorption/emission maxima ∼563/587 nm), the final product, can be monitored optically. In 1994, Brune and others 19 reported a new method that can detect micromolar concentrations of P i released from phosphatases. The fluorophore N-[2-(1-maleimidyl)ethyl]-7-(diethylamino)coumarin-3-carboxamide is attached to a phosphatebinding protein. In the presence of phosphate ion, the emission maximum of the labeled protein is shifted from 474 nm to 464 nm, with a concomitant 5.2-fold increase in fluorescence. The release of phosphate can be followed in real time.
Fluorometric assays have the advantage of high sensitivity and are recommended for detection of low enzyme activities. 20 We report here on the use of the fluorogenic europium(III)-tetracycline complex (Eu 3 TC) as a probe for ALP activity. The principle is based on the cleavage of phenyl phosphate into phosphate and phenol. Phosphate coordinates to the weakly luminescent Eu 3 TC complex. This is accompanied by a significant increase of its luminescence intensity and lifetime. The mechanism is shown in Scheme 1. The applicability of this method for the screening of phosphatase inhibitors is demonstrated by means of a theophylline assay. The procedure is simple and fast and can be carried out in microwell plates at pH 8 and 25 °C.
MATERIALS AND METHODS

Instruments
Luminescence spectra were recorded on an Aminco Bowman AB2 luminescence spectrometer (from SLM Spectronic Unicam; www.thermo.com). Luminescence was excited at 398 nm, and emission was detected at 616 nm. Quantitative luminescence measurements were performed on a microwell plate reader GENios+ (from Tecan; www.tecan.com). The excitation filter was set to 405 nm and the emission filter to 612 nm, which was the bestmatching filter available for the peak wavelength of Eu 3 TC (616 nm). All experiments were done in transparent, flat-bottom microwell plates (product no. 655101) from Greiner Bio-One (www.greinerbioone.com). pH was measured with a pH meter CG 842 (from Schott, www.schottinstruments.com).
Chemicals
Europium(III) chloride hexahydrate (99.99%), alkaline phosphatase (EC 3.1.3.1., from bovine intestine mucosa, 13 U/mg solid), and phenyl phosphate disodium salt (≥95%) were purchased from Sigma (www.sigmaaldrich.com); tetracycline hydrochloride from Serva (www.serva.de); 3-(N-morpholino) propanesulfonate sodium salt (MOPS sodium salt, 98%) from ABCR (www.abcr.de); theophylline (≥99%) from Acros Organics (www.acros.com); and magnesium acetate tetrahydrate (≥99.5%) from Merck (www.merck.de).
Preparation of stock solutions
MOPS buffer (solution A): 3.00 g MOPS sodium salt was dissolved in 990 mL of doubly distilled water, adjusted to pH 8 with 72% perchloric acid, and filled up to 1000 mL. Eu 3 
Determination of the activity of alkaline phosphatase
A 96-well microplate was fitted in rows of 4 replicates with 25 μL of phenyl phosphate solution D, 20 μL of magnesium acetate solution E, varying volumes of ALP solution C (0-55 μL), and varying volumes of MOPS buffer solution A. The mixture was incubated for 10 min at 25 °C, followed by the addition of 50 μL Eu 3 TC solution B. The overall volume in each well was 200 μL. The reaction mixture was equilibrated for 10 min and luminescence intensity measured in a microplate reader with standard optical filters for excitation (405 nm) and emission (612 nm). The time-resolved fluorescence was measured by means of a gated measurement applying a lag time of 30 μs (after the end of the excitation pulse) and a signal integration time of 40 μs.
Inhibition assay
A 96-well microplate was filled, in rows of 4 replicates, with 20 μL of solution E, 25 μL of solution D, varying volumes of inhibitor solution F (0-55 μL), and 35 μL of solution C. Each well was filled with solution A to an overall volume of 150 μL. This mixture was incubated for 10 min at 25 °C. Then, 50 μL of solution B was placed in each well. After a further 10-min incubation with Eu 3 TC, luminescence intensity was measured using a microplate fluorescence reader at the same instrumental settings as specified above.
RESULTS
Spectral properties of Eu 3 TC in the presence of phosphate
The fluorescent probe Eu 3 TC shows a broad absorption band with a maximum at about 400 nm. Eu 3 TC can be excited efficiently at wavelengths between 390 nm and 405 nm, for example, by using a 405-nm diode laser or a purple LED. The luminescence emission spectrum of Eu 3 TC exhibits maxima at wavelengths of 585 nm and 616 nm in the intensity ratio of 1:7; the latter represents the typical hypersensitive emission band of europium complexes. The luminescence is the result of an excitation energy transfer from the ligand tetracycline to Eu 3+ . Emission of europium(III) complexes in aqueous solution occurs from the nondegenerate 5 D 0 level. The strongest peak (616 nm) is assigned to the 5 D 0 → 7 F 2 transition. 21 The excitation and emission spectrum of Eu 3 TC is shown in Figure 1 . Phosphate ions (spectrum B) cause the intensity of the emission band at 616 nm to increase by a factor of 2 compared with Eu 3 TC (spectrum A). We assume that this is caused by displacement of quenching water molecules coordinated to the 8th and 9th coordination site by phosphate. This effect can be used for the determination of P i and hence for the determination of the activity of ALP. Figure 2 shows the calibration plot for P i . It can be detected by time-gated fluorescence in a concentration range of 0 to 20 μmol L -1 using a probe concentration of 66 μmol L -1 (referring to Eu 3+ ).
Luminescence decay times and gated detection
One of the typical features of lanthanide-derived probes is the relatively long decay time of their luminescence. Eu 3 TC has been shown to display a triple exponential decay. 22 The respective decay times (and relative contributions) are 8.7 μs (58%), 30.4 μs (40%), and 174 μs (2%). On addition of excess phosphate, the luminescence intensity increases by a factor of 2.5, but the average decay time does not change by more than 20%. This can be easily interpreted by the changes in the relative contributions of the decay times but also implicates that measurement of decay times does not yield analytically useful signal changes that would enable lifetime-based detection of phosphate.
Determination of Alkaline Phosphatase Activity
On the other hand, the use of time-resolved measurements in the microsecond time domain was perceived to result in 2 beneficial effects. The first is the elimination of background luminescence and intrinsic fluorescence of the sample. These components usually have decay times on the order of less than 10 ns. Second, the short-lived component of Eu 3 TC can be suppressed, and the 40-μs component of its luminescence can be isolated. Only small changes are observed in the steady-state intensity of the luminescence of Eu 3 TC in the presence of phosphate, which is released from phenyl phosphate by ALP, over time and at various ALP activities. However, the method gives significant signal changes if fluorescence intensity is measured in the time-resolved (gated) mode. The delay time was adjusted to 30 μs and the gating time to 40 μs to detect the long-lived components. This scheme results in a linear calibration plot with a much steeper slope compared with the one based on steady-state measurements. More details of time-gated fluorescence detection are discussed in a previous publication. 23
Protocol for the determination of ALP activity
The assay is based on the mechanism shown in Scheme 1 and consists of the following steps:
1. ALP solution is added to a solution of the substrate phenyl phosphate. 2. Enzymatic hydrolysis is performed over 10 min. 3. Eu 3 TC reagent is added. 4. The system is incubated for 10 min to enable formation of the Eu 3 TC-P complex. 5. Time-gated luminescence intensity is measured as analytical information indicating the activity of ALP.
Time dependence of the complexation between Eu 3 TC and phosphate
The binding of phosphates such as phenyl phosphate and inorganic phosphate does not occur immediately. It is suspected that phenyl phosphate, once bound to Eu 3 TC, does undergo slower hydrolysis than when present in free form and decreases ALP activity. Therefore, the assay was designed such that hydrolysis of phenyl phosphate by ALP occurs prior to the addition of Eu 3 TC. Phenyl phosphate slightly enhances the luminescence intensity of Eu 3 TC (Fig. 3, line B) because of the formation of the Eu 3 TCphenyl phosphate (Eu 3 TC-PhP) complex.
Various reaction times were tested and adequate signal changes obtained after 10 min, after which free phosphate is generated to give easily detectable signal changes. Thereafter, Eu 3 TC is added, which coordinates to phosphate, and the luminescence intensity of Eu 3 TC gets enhanced. This is demonstrated in Figure 3 by the time traces of luminescence intensity of Eu 3 TC (curve A), Eu 3 TC-phenyl phosphate (Eu 3 TC-PhP; curve B), Eu 3 TC-ALP (curve C), and the system Eu 3 TC, PhP, and ALP (curve D). Mg 2+ is added to obtain high enzyme activities. 24 The luminescence intensity of Eu 3 TC, Eu 3 TC-PhP, and Eu 3 TC-ALP remains fairly stable over time (curves A, B, and C). If phosphate is released from phenyl phosphate by ALP, the luminescence intensity rises (curve D). An enhancement of nearly 100% is observed after 10 min. Thereafter, the signal remains constant, and the complexation of phosphate to Eu 3 TC is complete. A good correlation of fluorescence enhancement with ALP activity can be obtained with this kind of end point determination.
Effect of pH, temperature, and Mg 2+ + concentration on the ALP assay
ALP displays its maximum activity in the slightly alkaline pH range. Therefore, measurements at a pH lower than 7.5 have not been carried out. On the other side, ALP cannot be determined via Eu 3 TC at pH values higher than 8.8 because Eu 3 TC is not stable above this pH. Excitation and emission spectra of Eu 3 TC and Eu 3 TC-P were acquired at pHs of 7.5, 8.0, and 8.5 to investigate the effect of pH. The highest luminescence intensities of Eu 3 TC and Eu 3 TC-P are found at pH 8.0 and 25 °C. The activity of ALP has its optimum at 37 °C. 25 Eu 3 TC, however, is a temperaturedependent probe, and an increase of temperature reduces its luminescence. These complementary effects are best compensated for at 25 °C. ALP is commonly activated by Mg 2+ ions. These do not significantly affect the luminescence of Eu 3 TC up to concentrations of 3.5 μmol L -1 . The optimal Mg 2+ concentration for ALP activation is 3 μmol L -1 , which is used in further studies. 
Effect of the concentration of phenyl phosphate on the ALP assay
Enzyme activity assays work best under conditions of substrate saturation because in this case, the reaction rate depends only on the activity of the enzyme. The effect of saturation with phenyl phosphate is shown in Figure 4 (where I 0 is the luminescence intensity in the absence of substrate and I is the intensity in the presence of substrate after 10 min). In the concentration range from 0 to 0.05 μmol L -1 of phenyl phosphate, luminescence intensity increases rapidly, whereas from 0.15 to 0.30 μmol L -1 , the change in luminescence intensity remains unchanged. This indicates substrate saturation. A concentration of 0.25 μmol L -1 of phenyl phosphate (PhP) was chosen for the standard protocol.
Calibration plot of alkaline phosphatase
A calibration plot for the end point assay (t = 20 min) of ALP is given in Figure 5 . The assay was carried out under the optimized experimental conditions (10 min of enzymatic reaction, followed by 10 min of equilibration with Eu 3 TC reagent), as described in the experimental part. The linear range from 2.5 to 17.5 μmol L -1 can be fitted by the equation y = 0.986 + 0.029 x (r = 0.995). Linear ranges with such a steep slope are obtained only if time-resolved measurements are applied. The limit of detection (3σ/slope) is 4 mU of ALP per milliliter.
Effect of other proteins and of potential interferents on the luminescence of Eu 3 TC
The luminescence of Eu 3 TC is not interfered by alkali ions and chloride up to a concentration of 100 μmol L -1 . Most other cations and anions do not affect concentrations of up to 100 μmol/L -1 . 26 The proteins human serum albumin and bovine serum albumin enhance the luminescence intensity of Eu 3 TC by a factor of 2 in the concentration range from 0 to 120 mg/L -1 .
Inhibition of alkaline phosphatase
The optimized ALP assay protocol was used to develop a model inhibition assay for ALP that is applicable to high-throughput screening. For these purposes, the activity of ALP was varied in the presence of 3 μmol L -1 of Mg 2+ and 250 μmol L -1 phenyl phosphate. The optimal ALP activity for the inhibition assay was found to be 15 μmol L -1 . Various inhibitors of alkaline phosphatase are known. We selected the noncompetitive inhibitor theophylline because it does not exert any interference on the luminescence intensity of Eu 3 TC in the concentration range from 0 to 55 L -1 .
Inhibition assay protocol
The protocol for the inhibition assay consists of the following steps: 
Calibration plot for the inhibition by theophylline
Theophylline does not quench the luminescence of Eu 3 TC. Hence, the inhibitor can be added at the same time as the substrate and the enzyme. Figure 6 shows the calibration plot for the inhibition of theophylline. At a theophylline concentration of 30 μmol L -1 , the luminescence intensity is 31% lower than the luminescence intensity of the reference system Eu 3 TC-ALP-Mg 2+ -PhP. A lower luminescence intensity indicates the inhibition of ALP by theophylline due to an inhibited phosphate release. The linear range of this inhibition model assay is between 0 and 30 μmol L -1 of theophylline. The calibration plot can be fitted by the equation y = 0.994 -0.01 x. The detection limit is 7.6 μg of theophylline per milliliter.
DISCUSSION
Various optical assays for determination of the activity of ALP or the efficiency of its inhibitors have been developed. Table 1 gives figures of merit for established ALP activity assays, and Table 2 gives those for known inhibition assays.
The europium-tetracycline complex is easily fabricated by mixing 2 commercially available reagents. Depending on the molar ratio of Eu 3+ to tetracycline, it is responsive to hydrogen peroxide, 23 Cu(II), 34 phosphate, 35 and nucleoside phosphates. 36 Eu 3 TC displays a Stokes shift as large as 210 nm, an unusually longwave excitation peak at ∼400 nm, and a narrow emission band that peaks at 616 nm. The long lifetime of the excited state enables time-resolved measurements that eliminate fast decaying background fluorescence and result in much steeper calibration plots.
In a previous study, EuTC in the molar ratio 1:1 was used as an indicator for phosphate. In this case, phosphate quenches the luminescence intensity of EuTC. 35 In the present work, a ratio Eu/TC of 3:1 was selected because in that case, the highest signal change could be observed for the particular conditions required for enzymatic reactions. It has to be emphasized that addition of phosphate to this complex system induces an increase in fluorescence, which is in contrast to the 1:1 complex. We propose that in the presence of phosphate, a water ligand, which exerts a quenching effect, is replaced by phosphate, and luminescence intensity increases. The luminescence of Eu 3 TC is strongly dependent on the temperature, which has to be kept constant at 25 °C. In fact, Eu complexes are excellent temperature probes.
p-Nitrophenyl phosphate is the most frequently used substrate for detection of ALP. 11 This colorimetric method is applicable only at alkaline pH because the yellow p-nitrophenolate ion occurs only under alkaline conditions. p-Nitrophenolate is detected spectrophotometrically at 405 nm. The chemiluminescent flow injection method requires a pH of 9.6, the amperometric method pH of 9.5, and the cyclic voltammetric method pH of 9.0. [27] [28] [29] Capillary electrophoresis with laser-induced fluorescence detection requires pH 9.5 and is hardly applicable to HTS. 14 The fluorimetric flow injection method has to be performed even at pH 10 and the fluorimetric method with ELF-97-P at pH 8.6. 30, 32 Only a few methods, including the one presented here, work at a moderate pH of 8. 12 The best reaction time of the Eu 3 TC-based method is 20 min. The electrochemical (5 min), amperometric (10 min), and fluorimetric (15 min) methods require shorter reaction times compared with the chemiluminescent and cyclic voltammetric methods, which take 30 min or more. Fluorimetric methods are based on fluorogenic substrates such as 4-methylumbelliferone phosphate, AttoPhos, or ELF-97-phosphate and are listed in Tables 1 and 2 .
Theophylline, an effective drug for asthma therapy, 32 is a commonly used inhibitor for ALP. Pesticides such as malathion and 2,4-dichlorophenoxyacetic acid also inhibit and may even be determined via this effect. 33 The standard assays from Molecular Devices and Promega are widespread and can be applied to HTS. Molecular Devices has developed the IMAP technology. It is based on the specific and high-affinity interaction of nanoparticles (containing trivalent metal ions) with phospho groups. These can be applied free or linked to serine, threonine, tyrosine, or other hydroxylated species. IMAP represents a platform for determination of the activity of kinases, phosphatases, and phosphodiesterases. 37 Promega has developed a microplate assay (named ProFluor) for the determination of activity of tyrosine phosphatase and its inhibitors. 38 This assay suffers from rather long incubation times.
The Eu 3 TC assay presented here shows similar linear ranges as the fluorimetric method with ELF-97-phosphate and the spectrophotometric method. 30, 31 The fluorimetric flow injection method exhibits a much better sensitivity, with a detection limit lower than 1 mg of theophylline per liter. 32 The advantages of this assay are the easy preparation steps, the applicability in microwell plate-based assays, and that all reagents are readily available and inexpensive. This assay should be in principle applicable to other enzymes that release phosphate in a pH range from 7 to 8.5 as far as the presence of interfering reagents can be restricted. The fluorescence response of the probe Eu 3 Tc is definitely stable within this pH range. 
